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Abstract: Previous research has identified attractive chemical pathways to form levulinic-lactic
acid mixtures from corn stover. Unfortunately, there is little market demand for levulinic acid, so
conversion into more useful chemicals is needed. Presented herein are the results from a study to
translate and optimize two lab-scale reactions that can be used to transform levulinic acid into a useful
platform chemical, 2-methyltetrahydrofuran (2-MeTHE), to the continuous bench-scale. 2-MeTHF
is an important monomer for the production of liquid polyols, which are used in polymer foam
products. First, a hydrogenation reaction takes place, transforming levulinic acid into y-valerolactone
(GVL) by reaction with isopropanol using a Zr-f3-zeolite catalyst. Next, the GVL is reacted with
hydrogen to form 2-MeTHF utilizing a CuO/Al,O3 catalyst. Both reactions were optimized in
bench-scale continuous flow reactors designed to produce 0.613 kg/h of 2-MeTHF from an initial
feed of 1.02 kg/h of levulinic acid with a single pass conversion of 81 mol%.
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1. Introduction

The effects of global climate change have sparked a growing interest in the transition
from fossil carbon-derived fuels, chemicals, and materials to renewable, more sustainable al-
ternatives. As society shifts away from a fossil-fuel-based energy economy, other industries,
such as commodities and specialty chemicals, must also move away from non-renewable
sources as their feedstocks may no longer be available. Previous work has demonstrated
that corn stover-derived sugars can be efficiently transformed into levulinic acid [1,2].
Unfortunately, the demand for levulinic acid is currently low due to a lack of commercially
viable uses for this chemical. However, in recent years levulinic acid has become a platform
chemical of interest due to its potential to be converted into valuable products [3], and a
number of possible reaction pathways have been developed at the batch and continuous
lab scales.

The current study focuses on one of these potential reaction pathways: the conversion
of levulinic acid to 2-methyltetrahydrofuran (2-MeTHF) via a two-step reaction pathway.
2-MeTHEF is readily transformed into liquid polyols, which are used in the synthesis of
polyurethane foam products such as foams and spandex [4]. The basic process scheme can
be seen in Figure 1.
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Figure 1. Basic process scheme.
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Building off previous work [5-8], the present study had the following objectives:

1.  Translate to the continuous bench-scale (0.613 kg/h production rate) a two-step
reaction pathway to convert levulinic acid into 2-methyltetrahydrofuran (2-MeTHF).

2. Determine the optimum reaction conditions for each reaction to maximize the pro-
duction of 2-MeTHF through a careful study of the effects of residence time, reaction
temperature, reaction pressure, and percent excess solvent used on conversion and
yield in each reaction.

Several researchers have studied the conversion of levulinic acid to form y-valerolactone
(GVL) [3,8]. GVL is useful as a liquid solvent or as a transition chemical to other prod-
ucts [9]. From these previous studies, we have chosen to transform levulinic acid to GVL
via a transfer hydrogenation reaction over a zirconium (3-zeolite catalyst (Zr-Beta) [8], as
shown in Figure 2. Utilizing isopropanol as the hydrogen donor, a GVL yield of 87 mol%
with a selectivity of 97 mol% can be obtained. A by-product of this reaction is acetone which
is formed in equivalent stoichiometric amounts as GVL when the isopropanol donates its
hydrogen atom. This reaction takes place under moderate conditions: 5000 kPa, 170 °C,
and a 3 h residence time. The Zr-Beta catalyst showed only a small decay in activity and
can readily be regenerated via a simple in situ carbon oxidation in an air atmosphere [6].
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Figure 2. GVL production from levulinic acid.

Another proposed pathway is to react levulinic acid with formic acid. Utilizing formic
acid as the hydrogen donor poses equipment complications and higher costs when moving
up to industrial scales compared to isopropanol. Isopropanol has the added benefit of
forming a saleable by-product, acetone. Excess isopropanol is easily recovered out of the
product mix for efficient recycling.

After purifying the GVL out of the acetone and unreacted levulinic acid, it is fed
to a second reactor where it undergoes a hydrogenation reaction to form 2-MeTHF over
a CuO/Al,Oj catalyst [5], as shown in Figure 3. The reaction takes place using excess
hydrogen gas at 1.5 MPa and 200 °C, giving yields greater than 90 mol% and a selectivity
towards 2-MeTHEF of 99 mol%. There are no by-products from the reaction. With a short
residence time of 2 h, the reaction is attractive because of its high selectivity and yield
under moderate conditions.
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Figure 3. 2-MeTHF production from GVL.

2. Results and Discussion
2.1. Preliminary Batch Lab-Scale Experiments—First Reaction

Preliminary runs were performed in the batch reactor system to make sure the reaction
and catalyst worked before moving on to the bench-scale reactor system. Initial temperature,
pressure, and residence time were determined from the literature for the initial batch lab-
scale testing [8]. Reaction conditions and results for the batch lab-scale preliminary work
are shown in Table 1. Yields from the preliminary batch work showed a high (93-96 mol%)
selectivity towards GVL, which is consistent with previous literature [9,10]. Zr-Beta is a
bifunctional catalyst containing both Lewis and Bronsted acid sites that allow for high
selectivity towards GVL. The Bronsted acid sites catalyze the esterification of levulinic
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acid into the appropriate intermediates, which then undergo a Meerwein-Ponndorf-Verley
(MPV) reduction to GVL [11]. The preliminary batch experiments showed high selectivity
towards GVL, with yields of around 60-70 mol%. These yields are in line were similar
lab-scale results reported in the literature using a similar catalyst [10,11] but are higher than
those reported when using different catalysts [12].

Table 1. Preliminary batch scale results for transformation of LA to GVL.

Temp. (°C) Pressure (MPa) Reaction Time (hours) Excess C3HgO mol%  GVL Yield (mol%) Selectivity (mol%)

150 5 3 20 68 94
150 5 3 20 67 93
150 5 3 20 70 96

2.2. Bench-Scale Continuous Flow Conversion of Levulinic Acid to GVL

With the goal of maximizing the yield of GVL derived from levulinic acid, the effects
of residence time, temperature, pressure, and excess isopropanol amount were investigated.
A Box-Behnken response surface design was utilized, totaling 27 runs (see Table 1). Experi-
mental results are summarized in Table 2. At the best conditions, 86-88 mol% yield and
98-99 mol% selectivity of GVL were achieved.

Table 2. Results from conversion of LA to GVL runs.

Excess Residence . Standard GVL Standard
Pressure . GVL Yield . .
Run Temp (°C) (MPa) C3;HgO Time (mol%) Error Selectivity Error
(mol%) (hours) (mol%) (mol%) (mol%)
1 170 5.35 20 3 77 0.2 94 0.1
2 160 5 30 2 54 0.5 91 0.6
3 150 5.35 40 3 71 0.1 95 0.2
4 150 5.35 30 4 83 1.5 96 0.9
5 160 5.7 30 2 53 04 90 0.1
6 150 5.7 30 3 69 0.9 94 0.7
7 160 5.35 30 3 73 0.3 93 0.5
8 170 5.35 40 3 76 0.3 95 0.9
9 160 5.35 30 3 71 0.8 94 0.1
10 170 5 20 4 87 0.4 98 0.2
11 170 5.7 30 3 74 0.2 95 0.8
12 160 5.7 30 4 83 0.9 98 0.4
13 160 5.7 40 3 70 0.7 94 0.2
14 160 5 40 3 69 0.5 93 0.6
15 150 5.35 30 2 52 0.6 89 0.3
16 160 5 30 4 84 0.1 96 0.3
17 160 5.7 20 3 68 2.1 92 0.9
18 160 5.35 40 4 83 0.3 98 0.5
19 170 5.35 30 2 57 04 87 0.1
20 170 5.35 30 4 86 0.6 97 0.7
21 150 5 30 3 70 0.2 94 0.3
22 160 5 20 3 71 18 94 1.1
23 150 5.35 20 3 71 04 93 0.3
24 160 5.35 40 2 55 0.7 90 0.1
25 160 5.35 20 2 58 0.5 88 0.7
26 160 5.35 20 4 85 04 96 04
27 160 5.35 30 3 72 0.7 95 0.6
28 180 5 20 4 86 04 98 0.3
29 170 5 20 5 88 0.2 97 0.1
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From the experimental results, it was determined that residence time was the single
most important factor when maximizing the conversion of levulinic acid to GVL. Literature
suggests that when converting levulinic acid to GVL using gas-phase hydrogen as the H
donor, short reaction times are the tradeoff for having to operate under higher temperatures
and pressures [13]. However, when utilizing an alcohol as the hydrogen donor, as in the
present study, reaction conditions are milder, but longer residence times are required for
optimum results. Residence times ranging from two to four hours were evaluated using
the Box-Behnken design. A residence time of 2 h resulted in the lowest yield of GVL of less
than 60 mol%, while a residence time of 4 h resulted in high yields of GVL at greater than
80 mol%. This is consistent with literature values that were able to obtain an 80-90 mol%
yield of GVL [13,14]. A run was conducted at a residence time of 5 h, and there was no
significant increase in the yield of GVL (run 29, Table 4). Yields as high as 99 mol% have
been reported, but these were achieved at a smaller scale and likely had better catalyst
surface area than was achieved in the present work [14].

Temperature was also found to be an important factor in maximizing the conversion
of levulinic acid to GVL. At temperatures of 100 °C or below, the conversion of levulinic
acid to GVL is slow, with many intermediates not fully transforming into GVL [6]. The best
results were found to occur at a temperature of 170 °C. It is hypothesized that at this higher
temperature, the kinetic energy of the molecules is increased, increasing the probability of
proper contact [15]. Reaction temperatures above 170 °C showed no increase in conversion
of levulinic acid or yield of GVL, as shown by the results at 180 °C in run 28, Table 4.

From the results of the experiments performed, it was determined that pressure
was not a significant factor when maximizing yield for GVL. Traditionally conversion of
levulinic acid to GVL utilized gas-phase hydrogen as the H donor. Under these conditions,
pressure plays an important role in ensuring adequate contact between the reactants and
the catalyst active sites [13]. A drawback of these systems is that using gas-phase hydrogen
and high pressures results in the need for robust, costly reactors. When using an alcohol,
such as isopropanol, the reaction is able to take place at a much lower pressure [16].

The fourth factor evaluated was the quantity of excess isopropanol fed. From the
results, it was determined that the amount of excess isopropanol fed was not a significant
factor in maximizing yield towards GVL within the range of 20-40 mol% excess. This is
consistent with previous results of the reaction mechanism for the conversion of levulinic
acid to GVL since it is not an equilibrium-driven reaction [14]. Although it is not an
equilibrium-driven reaction, it is necessary to feed at least some excess isopropanol to
ensure there are enough donor hydrogen ions to maximize the yield of GVL.

Notably, acetone is a by-product of this reaction and has the potential to be transformed
back into isopropanol and reused or sold as a saleable by-product [13].

2.3. Batch Lab-Scale Conversion of GVL to 2-MeTHF

Similar to the first reaction, preliminary runs were performed in the batch system
to ensure the reaction and catalyst worked before moving on to the bench-scale reactor
system. The initial temperature, pressure, and residence time were determined from the
literature for the initial batch experiments [5]. The results are shown in Table 3. The
batch experimental results show a high selectivity (96-98 mol%) and yield (75-84 mol%)
towards 2-MeTHE which is consistent with previous work [5,7]. Most existing work for the
conversion of GVL towards 2-MeTHF focuses on coproducing 1,4-pentanediol (1,4-PDO)
and 2-MeTHE, but 1,4-PDO has fewer uses and is often transformed into 2-MeTHF [17]. In
this work, we focused on conditions that can produce 2-MeTHEF in high yields with high
selectivity for 2-MeTHF and minimal 1,4-PDO production. As shown in Table 5, this was
achieved in the batch experiments.
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Table 3. Preliminary batch work for conversion of GVL to 2-MeTHF.
Temp (°C) Pressure Reaction Excess Hp 2-MeTHF Selectivity
P (MPa) Time (hours) (mol%) Yield (mol%) (mol%)
200 1.5 15 20 75 98
200 1.5 2 20 84 96
250 1.5 15 20 77 97

2.4. Bench-Scale Continuous Flow Conversion of GVL to 2-MeTHF

With the goal of maximizing both the yield and selectivity of 2-MeTHF derived from
GVL, the effects of residence time, temperature, pressure, and excess hydrogen amount
were investigated. A similar Box-Behnken response surface design as the first reaction
was utilized, totaling 27 runs. The results are shown in Table 4. At the best conditions,
92-93 mol% yield and 97-98 mol% selectivity of 2-MeTHF were achieved. Similar to that of
the first reaction, the factor with the greatest impact on the yield and selectivity towards
2-MeTHF was determined to be residence time. The residence time was varied from 1.5 to
2.5 h to determine the optimum conditions required to maximize yield towards 2-MeTHF.
From these experimental results, a residence time of 1.5 h gave the lowest yields at less
than 80 mol%. The highest yield was obtained at a residence time of 2.5 h, resulting in
a yield of 93 mol%. Some literature reports yields as high as 99 mol% 2-MeTHE, but
these were obtained at a smaller scale and with a catalyst that likely had a higher surface
area [5,18] than the in-house synthesized catalyst used in the present study. Two additional
experiments were conducted at a residence time of 3 h and the optimum pressure, excess
hydrogen, and reaction temperature to bound the optimum. As shown in runs 28 and 29
of Table 5, there was no significant gain in yield or selectivity of 2-MeTHEF at the longer
residence time.

The second most significant factor for the formation of 2-MeTHF was found to be reac-
tion temperature. An interesting finding was that reaction temperature affects selectivity
more than yield, a finding supported by Sun et al. [5]. At the lower test point of 150 °C,
the selectivity towards 2-MeTHF was lower, and more of the side product, 1,4-PDO, was
formed. However, in experiments at this same temperature but longer residence times, the
selectivity towards 2-MeTHF was higher. This suggests that the 1,4-PDO formed at lower
reaction temperatures is eventually transformed into 2-MeTHEF at the longer residence
times [5,7,19]. 1,4-PDO can act as both a reaction intermediate during the transformation
2-MeTHEF as well as a side product depending on the composition of the catalyst [4,5].
Certain catalyst and reaction conditions favor the formation of 1,4-PDO [20]. The opti-
mum temperature to minimize the formation of 1,4-PDO and maximize the formation of
2-MeTHF was determined to be 200 °C. At 250 °C, selectivity towards 2-MeTHF was lower
as other side reactions take place at higher temperatures (5-Hydroxy-2-pentanone and
4-Hydroxypentanol) [5].

Table 4. Continuous bench-scale reaction results for conversion of GVL to 2-MeTHF.

Pressure Residence Excess 2-MeTHF Standard 2-MeTHF Standard
Run Temp. (°C) (MPa) Time H, (mol%) Yield Error Selectivity Error
(hours) 2 (mol%) (mol%) (mol%) (mol%)
1 200 15 25 30 89 0.3 95 0.2
2 250 15 25 20 90 0.8 92 0.9
3 150 15 2 10 83 04 83 0.7
4 200 2 1.5 20 71 0.9 94 0.1
5 150 1 2 20 85 1.1 83 24
6 200 1 1.5 20 66 0.5 94 04
7 200 1 2.5 20 89 0.2 96 0.8
8 250 15 2 10 86 0.7 89 0.2
9 200 15 1.5 30 68 0.3 98 0.1
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Table 4. Cont.
Pressure Residence Excess 2-MeTHF Standard 2-MeTHF Standard
Run Temp. (°C) (MPa) Time H, (mol%) Yield Error Selectivity Error
(hours) 2 (mol%) (mol%) (mol%) (mol%)
10 250 15 1.5 20 66 0.5 95 0.3
11 200 2 2.5 20 88 1 96 0.2
12 150 15 25 20 87 04 84 04
13 200 2 2 10 83 0.3 93 0.5
14 200 1 2 10 86 0.8 96 0.2
15 250 2 2 20 84 04 92 0.8
16 200 15 2.5 10 91 0.3 97 0.9
17 150 15 2 30 87 0.8 85 0.4
18 250 15 2 30 81 0.3 90 0.1
19 200 15 2 10 93 0.5 98 0.7
20 200 15 2 20 86 0.4 96 0.5
21 250 1 2 20 79 0.2 91 04
22 200 1 2 30 82 0.9 97 0.9
23 150 2 2 20 83 2.2 83 10
24 200 15 2 20 81 0.1 94 0.2
25 200 15 15 10 72 3.2 95 0.4
26 200 2 2 30 85 0.6 94 0.2
27 150 15 1.5 20 71 0.7 81 0.1
28 200 15 3 10 93 0.7 97 0.3
29 200 15 3 10 92 0.5 98 0.5

From the reaction results, it was determined that the quantity of excess hydrogen had
no significant effect on the conversion or selectivity towards 2-MeTHF within the bounds of
this study. This is consistent with previously published results and supports the idea that
it is not an equilibrium-driven reaction [5,20]. However, sufficient hydrogen is required
to ensure that all the GVL reacts. Therefore, an excess of 10 mol% gas-phase hydrogen is
adequate to achieve optimum conversion.

The final factor evaluated was reaction pressure, which was varied from 1 to 2 MPa.
Reaction pressure does not have a significant effect, but it does have a small effect. Since this
reaction utilizes gas-phase hydrogen, increased pressure ensures proper contact between
the hydrogen, the liquid phase GVL, and the active sites of the catalyst [5]. Unlike the
first reaction, GVL reacts much more readily with hydrogen than levulinic acid resulting
in a lower optimum reaction pressure than a gas-phase reaction of levulinic acid and
hydrogen [13,21]. There was no significant effect of pressure on selectivity towards 2-
MeTHE, only a small effect on the yield.

3. Methods
3.1. Reactants and Catalyst Materials

Levulinic acid (99% purity) and zirconyl chloride (98% purity) was obtained from
Sigma-Aldrich, Inc. (St. Louis, MO, USA). Nitric acid (70% purity) and isopropanol (histo-
logical grade) were obtained from Fisher Scientific (Waltham, MA, USA). The hydrogen
form of a 3-zeolite with a SiO,/Al,O3 ratio of 300 (CP811C-300) was purchased from
Zeolyst International (Kansas City, MO, USA). GVL (99% purity) was obtained from TCI
America via Fisher Scientific. Sali Moldable fibrous alumina was purchased from Zircar
Ceramics, Inc. (Florida, FL, USA). Compressed nitrogen and compressed hydrogen (both
at 99.99% purity) were purchased from Praxair (Minneapolis, MN, USA). Copper oxide
(99% purity) was obtained from Alpha Chemicals (Missouri, TX, USA). Fine aluminum
oxide powder (99% purity) was purchased from Polly Plastics (Delano, PA, USA).

GVL was produced via the reaction shown in Figure 2, as described below. Excess
isopropanol was removed from the reaction product mixture by evaporation at 100 kPa and
83 °C using a Yamato RE301 rotary evaporator. Once all the isopropanol was removed, the
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temperature was increased to 90 °C, and the GVL was evaporated under vacuum (20 kPa)
until most of the GVL was removed from the reaction residue. GVL of 99% purity was
acquired using this method.

3.2. Zr-Beta Preparation

Zr-Beta was produced using a modified post-synthesis approach [1,3]. The base f3-
zeolite was initially calcined at 600 °C for 6 h to remove any impurities. Next, the base
zeolite was dealuminated in a solution of 10 M nitric acid at 80 °C for 24 h at a ratio of
50 g of zeolite per 100 mL of solution. Once dealuminated, the powders were centrifuged
out of the nitric acid and washed with ultrapure water until a neutral pH was reached.
Once the pH was neutral, the powder was dried overnight at 120 °C and then added to an
aqueous 0.1 M ZrCl, solution in a ratio of 10 g zeolite to 100 mL of solution. This mixture
was stirred constantly at 500 rpm for 12 h at 40 °C. In the ZrCl, solution, the dealuminated
zeolite structure is impregnated with Zr, forming the Zr-Beta. Once complete, the catalyst
was centrifuged out of the solution and dried overnight at 120 °C. The resulting powder
was calcined for 6 h at 800 °C before being formed into pellets and recalcined.

Pelletization was performed using Sali Moldable as a binder. A 1:1 weight ratio of Sali
Moldable and doped catalyst powder was used, consisting of approximately 1 kg of each.
Ultra-pure water was added until a clay-like consistency was achieved, approximately
250 mL. The mixture was extruded into pellets of approximately 1.25 cm in length and
dried overnight in an oven at 110 °C before being recalcined at 700 °C for 8 h. Using
computer-aided scanning electron microscopy, the zirconium dopant level of the catalyst
was determined to be approximately 1.1 mol% with an average pore radius of 57.1 nm.

3.3. CuO/AlyO3 Catalyst Preparation

The CuO/Al,Oj3 catalyst was formed by combining 54 wt% CuO powder with 46 wt%
Al,O3 powder [5]. The powders were mixed using a rotary ball mill to ensure a homogenous
mixture of the powders. The resulting mixture was calcined at 600 °C to remove any
impurities and to form the appropriate acid sites on the catalyst structure. Once calcined,
the resulting powder was formed into pellets using Sali Moldable as a binder. A 1:1 weight
ratio was utilized, equaling 1 kg of catalyst powder and 1 kg of Sali Moldable. Ultra-
pure water was added until a clay-like mixture was obtained, approximately 250 mL. The
mixture was extruded into pellets of approximately 1.25 cm in length and dried overnight
in an oven at 110 °C before being recalcined at 700 °C for 8 h. The average pore radius was
determined to be 58.3 nm.

3.4. Batch Reactor

All batch reactions were conducted in a bench-scale 500 mL Parr 5500 compacted
series reactor (Moline, IL, USA). The head of the reactor was mounted on a stand. The full
reactor vessel was lifted up to the head and sealed with a clamp. A gas inlet on the top
of the reactor was used to inject nitrogen into the reactor to displace any residual oxygen
in the vapor space prior to the start of each reaction. This was performed to prevent side
reactions as a result of oxidation. The gas was vented through an outlet valve to a fume
hood. A rate-adjustable motor-driven stirring shaft was used to ensure complete mixing
of the reactants and catalyst during each reaction. A thermocouple inside the reactor was
used to monitor and provide feedback on the reaction temperature. A 4848 Parr series
controller was used to control the reaction temperature at 200 °C using the readout from the
thermocouple. The reactor was placed within a heating jacket with an electrical resistance
heater that was altered by the controller. The internal reactor pressure was monitored with
an analog gauge attached to the head of the reactor.

3.5. Reaction 1 Continuous Flow Bench-Scale Reactor Setup

The bench-scale continuous flow reactor for the reaction to convert levulinic acid to
GVL was designed to process 1.02 kg/h of levulinic acid with 0.634 kg/h of isopropanol
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Reactant
Tank

9.5 liters

into a target production rate of 0.766 kg/h of GVL. The reactor configuration is shown in
Figure 4. The reactor body was built using 0.91 m (3 feet) of 7.6 cm (3 inches) diameter
thick wall stainless steel pipe, pressure class 600 304/304L stainless steel pipe flanges, and
the appropriate gaskets from McMaster-Carr (Elmhurst, IL, USA). All bolts, nuts, and
washers used for sealing the reactor were purchased from Fastenal (Grand Forks, ND,
USA). A reactant reservoir tank to hold a mixture of both liquid reactants was a 9.5 L
medium-density polyethylene tank from Ace Roto-Mold (Hospers, IA, USA). The solvent
going into the reactor was pressurized using a positive displacement Neptune (Model:
500-A-N3) high-pressure pump. All piping, valves, pressure gauges, and fittings were
purchased from Swagelok Minnesota (Chaska, MN, USA).

. ., Liquid
: ]_ Product
Cooling Coil

K“"‘*\

Cooling Coil/Outlet

Solid Clam Shell
Catalyst Heater

0.91m

| Heating 7 M
| Jacket

7.6cm diameter

(a) (b)
Figure 4. First-step reactor configuration: (a) schematic and (b) photo.

The reactor pressure was monitored and controlled using a back-pressure regulator
from Swagelok. The reactor temperature was measured at the center of the reactor, the reac-
tor outlet, and on the left and right side of the reactor inside the heating jacket using k-type
thermocouples purchased from Omega Engineering (Norwalk, CT, USA). Data acquisition
cards for reading the thermocouples were purchased from National Instruments (Austin,
TX, USA). LabView™ 2018 DAQ software was used to monitor and collect temperature
data for the reactor. The reactor temperature was controlled using a heating jacket with an
electrical resistance heater.

3.6. Reaction 2 Continuous Flow Bench-Scale Reactor Setup

The same bench-scale reactor setup from the first reaction was utilized for the second
reaction with some additions, as shown in Figure 5. A knockout drum, with a length of 30
cm and a diameter of 5.1 cm, was added to remove excess hydrogen from the liquid product
after the reactor. The knockout drum was fabricated in-house from 304 /304L stainless
steel, with a pressure rating of 10 MPa. A 5800 Series mass flow controller from Brooks
Instruments (Hatfield, PA, USA) was utilized to accurately control the flow of hydrogen
into the reactor.
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Figure 5. Second-step reactor configuration: (a) schematic and (b) photo.

3.7. First-Step Batch Reaction

Batch lab-scale catalytic reaction experiments were performed to provide proof of
concept of the first reaction before moving on to the continuous bench-scale reactor. Each
run utilized 100 mL of levulinic acid (0.98 moles), 128 mL isopropanol (20 mol% excess),
and 40 g of unpelletized Zr-Beta. The combined isopropanol, levulinic acid, and catalyst
volume was kept below 500 mL to maintain safe reaction pressures as the Parr reached the
operating temperature. Once the reactor was filled and sealed, it was purged of oxygen
using three pressure/vent cycles from 120 kPA to atmosphere using lab-grade nitrogen.
The reactor was then brought up to an initial pressure of 4000 kPa, and a 5-minute pressure
check was conducted.

After the pressure check, and it was confirmed that there were no leaks, the reactor
was placed in the heating jacket. When the desired operating temperature was reached
(150 °C), it was held constant for 3 h. At the end of the reaction time, the reactor was
removed from the heating jacket and allowed to cool using cooling water and a fan.

Once the reactor was cooled sufficiently, the reactor was depressured by routing the
reactor gas through a cooling coil that was air-cooled using a fan to condense any light
products with a boiling point lower than room temperature that formed before the gas was
vented to a fume hood. After depressurization, the reactor was opened, and the liquid was
removed. The catalyst was filtered out of the liquid by using syringe filters. The resulting
liquid product was analyzed, and the recovered catalyst was dried overnight in an oven at
110 °C.

3.8. Second-Step Batch Reaction

Batch lab-scale catalytic reaction experiments were performed to provide proof of
concept of the second reaction before moving on to the continuous bench-scale reactor. Each
run utilized 100 mL of GVL (0.96 moles), enough hydrogen to reach pressure (1.5 MPa),
and 40 g of unpelletized CuO/Al,O3 catalyst. The combined GVL and catalyst volume was
kept below 500 mL to maintain safe reaction pressures as the Parr reached the operating
temperature. The same procedure was utilized as the 1st-step batch reaction, except the
reaction temperature was set to 200 °C.

3.9. First-Step Bench-Scale Continuous Reaction Experiments

The reactor was initially filled with approximately 2 kg of Zr-Beta pellets before sealing
the top flange and inserting the thermocouple down the center of the reactor. Once the
reactor was sealed and leak tested, the clamshell heating jacket was closed and energized.
The reactor was initially preheated to the desired operating temperature (150 to 170 °C).
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While the reactor was preheating, the reactant reservoir tanks were filled with 13 L of a
levulinic acid /isopropanol mixture containing 20, 30, or 40 mol% excess isopropanol. The
reactants were mixed because levulinic acid forms a crystalline solid at room temperature
but is soluble in isopropanol.

After filling the reactant reservoir, the pump was primed. Once the reactor reached the
desired temperature and the pump was primed, the reactants were pumped into the reactor
at varying flow rates corresponding to a 2, 3, or 4 h residence time. The back pressure
regulator was set to maintain an operating pressure of 5000 to 5700 kPa. Once the reactor
system reached a steady state (about 2-5 h depending on desired conditions), product
samples were taken every 10 min for 60 min of continuous operation. Each product sample
was collected by routing the sample through an air-cooled cooling coil to condense any
gas-phase products that may have been produced. The exiting products were cooled to
room temperature, approximately 25 °C, and collected in 50 mL glass containers.

Upon completion of each experiment, any reactants remaining in the reactor were
drained and stored in 3.8 L glass bottles for analysis. Once the reactants were drained from
the reactor, the catalyst was dried and recalcined in situ using atmospheric air. This was
performed to eliminate possible catalyst degradation as a factor for negatively impacting
yield and conversion. The reactor was then set up for the next run following the same
procedure described above.

A Box-Behnken design was used to evaluate the effects of all 4 factors, totaling 27 runs.
The factors varied during these experiments to determine optimum conditions are shown
in Table 5. An additional experiment was conducted at the optimum pressure, residence
time, and excess solvent but at 180 °C reaction temperature to ensure that the optimum
reaction temperature was achieved during the DOE runs. Another parametric experiment
was conducted at the optimum pressure, reaction temperature, and excess solvent amount
but at 5 h residence time to ensure that the optimum residence time was achieved during
the DOE runs.

Table 5. Factors evaluated for 1st-step optimization.

. Temperature Residence Time  Excess H Donor
Reaction ©0) Pressure (MPa) (hours) (mol%)
Levulinic to
GVL 150, 160, 170 557 2,3,4,5 20, 30, 40
GVL to
>-MeTHE 150, 200, 250 1,15,2 15,1,2,25 10, 20, 30

3.10. Second-Step Bench-Scale Continuous Reaction Experiments

The reactor was initially filled with approximately 2 kg of pelletized CuO/Al,O3
catalyst before sealing the top flange and inserting the thermocouple down the center of
the reactor. Once the reactor was sealed and leak tested, the heating jacket was closed and
turned on. The reactor was initially preheated to the desired operating temperature (150 to
250 °C). While the reactor was preheating, the reactant reservoirs were filled with 13 L of
GVL.

After filling the reactant reservoir, the pump was primed. Once the reactor reaches the
desired temperature and the pump is primed, the reactants are pumped into the reactor
at varying flow rates to ensure a 1.5, 2, or 2.5 h residence time. The hydrogen was flowed
in using a mass flow controller to ensure it was fed in 10, 20, or 30 mol% excess. The back
pressure regulator was set to maintain an operating pressure of 1, 1.5, or 2 MPa. Once the
reactor system reached a steady state (about 1-2.5 h, depending on desired conditions),
product samples were taken every 10 min for 1 h of continuous operation. The product
sample was run through an air-cooled cooling coil to cool the product to 25 °C and condense
any gas-phase products that may have been produced. The cooled product samples were
collected in 50 mL glass vials. Upon completion of the runs, the same procedure was
followed for the 1st-step reaction.



Catalysts 2023, 13,972

110f13

The factors evaluated for the second-step reaction optimization can be found in Table 1.
A similar Box-Behnken design as the first reaction was utilized to determine the effects
of the 4 factors as well as the optimum conditions. A total of 27 runs were performed.
Two additional parametric experiments were conducted at the optimum pressure, reaction
temperature, and excess solvent but at 3 h residence time to ensure that the optimum
residence time was achieved during the DOE runs.

3.11. Analysis

Calibration curves were developed using pure standards of each reactant and antici-
pated product. These were used to determine the concentration of products and reactants
left in the reactor outlet. Reaction products from the first reaction were quantified using
high-performance liquid chromatography (HPLC, Agilent Technologies 1200 series, Santa
Clara, CA, USA). Separation occurred using an Agilent Hi-Plex H column with a mobile
phase of 5 mM H,SO, at 0.6 mL/min and 40 °C. Each sample was measured using a
refractive index detector (G1362A: Agilent Technologies) for 40 min.

Reaction products from the second reaction were quantified using a gas chromatogra-
phy flame ionization detector (GC-FID, Agilent Technologies model 5890 FID, Santa Clara,
USA). Sample injections were conducted in splitless mode at 250 °C for 0.5 min. Separation
occurred on a 30 m long DB-5 column, with 0.25 mm internal diameter and 0.25 pL film
thickness (J&W Scientific, Folsom, CA, USA). The temperature was programmed to hold at
35 °C for 1 min, with subsequent gradients of 10 °C/min to 105 °C and 5 °C/min to 260 °C.
Analysis of experimental results was performed using Minitab™ statistical software. A total
of 3 replicates were run for each sample, with 6 samples per run, which totaled 18 analyzed
samples per run.

4. Conclusions

A study was performed to identify the optimum continuous reaction conditions
for a two-reaction process to transform levulinic acid into 2-MeTHF. The two reactions
were successfully performed in a continuous bench-scale reaction system at a feed rate of
1.02 kg /h of levulinic acid.

The optimum conditions to maximize the conversion of levulinic acid to the interme-
diate y-valerolactone were determined to be 170 °C reaction temperature, 5 MPa reaction
pressure, 20 mol% excess isopropanol, and a residence time of 4 h. These factors resulted
in an 87 mol% yield of GVL with a selectivity of 97 mol%. The side products formed
were determined to be reaction intermediates that can be recycled back into this reactor
and converted into GVL. Thus, the overall yield of GVL with recycling is projected to
be 95 mol%. Residence time and reaction temperature were determined to be the most
significant factors affecting these two performance parameters. This result is consistent
with previously published results for this reaction.

For the second reaction, the optimum conditions to maximize the conversion of GVL
to 2-methyltetrahydrofuran were determined to be 200 °C reaction temperature, 1.5 MPa
reaction pressure, a residence time of 2.5 h, and a feed rate of 10 mol% excess hydrogen.
These factors resulted in a 93 mol% yield of 2-MeTHF with a selectivity towards 2-MeTHF
of 98 mol%. The most significant factors were determined to be temperature and residence
time. At low reaction temperatures, the formation of 1,4-PDO is favored but can be
mitigated by increasing residence time. At temperatures of 250 °C or above, unwanted side
reactions can occur.

From these results, an overall yield of 2-MeTHF from levulinic acid of 81 mol% (81 wt%
inlet carbon basis) was achieved using a single pass in each reaction. This yield is projected
to increase to 87 mol% (87 wt%) when the first-reaction intermediates are recovered and
recycled back into the first reactor. These results are promising for commercialization. The
next step is to conduct a techno-economic analysis using these results in order to guide
scale-up and quantify the commercial potential of this process pathway.
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2-MeTHF has an estimated global market value of USD 3.4 billion as of 2021 and is
forecasted to reach USD 4.4 billion by 2030 [22]. Given that most 2-MeTHEF is produced
in small quantities industrially, there is a growing need for large-scale production. With a
projected yearly production of 9.1 million kg/year, the projected revenue for a large-scale
production facility would be approximately USD 102 million per year.
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